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Tw~imensional solid-state deuteron NMR spectroscopy has been applied to study rotational motions in powders. In general, 
tensorial interactions give rise to powder patterns producing 2D exchange signals with characteristic ridges which manifest he 
motional mechanism in a model-independent fashion. For deuterons in particular, the angles through which the molecules rotate 
are read directly from elliptical ridges in the 2D spectrum. Experimental data on the two-site exchange in dimethylsulphone are 
given as well as theoretical spectra for different ypes of molecular motion. 
1. Induction 
The unique determination of motional mecha- 
nisms is a major difficulty in the characterization of 
complex molecular dynamics. This holds in particu- 
lar for polyc~stalline and amorphous ystems uch 
as polymers in the glassy state or in the vicinity of 
the glass transition. A detailed analysis of both type 
and timescale of the molecular motions is required 
for an understanding of the macroscopic properties 
of these materials. As far as slow single-particle reo- 
~entations are concerned, pulsed solid-state NMR 
involving deuterons f l-41 or carbons in static [ 5,6] 
or in rotating [ 7,8] samples is generally considered 
the most promising approach. In conventional one- 
dimensional (1D) NMR the information about 
motional mechanisms i obtained from fitting theo- 
retical ineshapes to the expe~mental data. This is an 
indirect procedure prone to ambiguities in unfavour- 
able cases because the theoretical lineshapes are based 
on models of the motional mechanism. Such models 
typically include assumptions about the number of 
sites accessible to a molecular fragment, their rela- 
tive orientations, and their popufations. Therefore, 
experimental techniques which allow a model-inde- 
pendent separation of these different aspects of 
molecular dynamics are to be preferred. 
One approach is the use of two-dimensional (2D) 
NMR techniques. Liquid-state NMR spectroscopy is
known to provide a wealth of direct info~ation 
[ 9, lo]. This information is predominantly coded in 
the frequency coordinates of cross peaks rather than 
in lineshape variations. Application of 2D exchange 
NMR [ II] to the study of rotational motions in sin- 
gle crystals leads to cross peaks, the number of which 
reflects the number of exchanging sites. The angles 
between the exchanging axes can be calculated from 
the cross-peak coordinates, and the populations of the 
respective sites are obtained from the cross-peak 
intensities. However, single crystals are not available 
for many materials of interest. Therefore it is impor- 
tant to investigate how similar information about 
molecular dynamics can be derived from 2D NMR 
spectra of powders. This paper reports on the use of 
deuteron NMR for this purpose. 
The 2D exchange technique has been applied pre- 
viously to amo~hous solid samples and powders. 
Carbon-l 3 nuclei have been observed in static [ 121 
and in rotating samples with [ 131 and without [ 141 
a rotor-synchronized mixing period. Chemical-shift 
scaling during the evolution period [ 15 ] for elimi- 
nation of sidebands in the of dimension has also been 
used. In 2D NMR spectra of static powders the cor- 
relation of two tensorial interactions gives rise to 
ridges exhibiting characteristic geometrical figures. 
Two different interactions, anisotropic shielding and 
dipolar coupling [ 161, for example, may be corre- 
lated. Alternatively, one intemction may be corre- 
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lated with itself providing information on dynamic 
exchange processes such as rotational motions. In the 
latter case the molecular reorientational angles of 
jump-like motions can be read directfy from these 
ridge patterns: no model-based fitting procedure is 
required. This is possible because part of the motional 
information reflected in the lineshape of a dynamic 
1D spectrum is transformed to a one-to-one fre- 
quency code in the corresponding 2D spectrum. The 
number of ridge patterns and their respective inten- 
sities reflect the number of sites interchanged and 
their respective populations. Especially simple ridge 
patterns arise for axially symmetric tensors, such as 
the quadrupole-coupling tensors of deuterons. These 
tensors are in general very close to axial symmetry 
about the bond direction [l-4]. In the following a 
preliminary report of solid-state deuteron 2D 
exchange NMR is given. The method is illustrated by 
the two-site jump of dimethylsulphone (DIMS) about 
its twofold symmetry axis [ 171. A detailed treat- 
ment is in preparation. 
2. Ex~~rnen~l 
Two-dimensional time functions were obtained by 
adapting the classical three-pulse sequence [ 111 for 
solid-state deuteron NMR. The following pulse 
sequence was used: 90~V-t,-54&,,,,-54,-A-90x-A-t2. 
Data were collected uring the period t2, while t, was 
incremented successively through the set of values 
covered by t2. The fourth pulse serves to refocus the 
signal following the third pulse in order to overcome 
receiver dead-time and allow data acquisition begin- 
ning at tz = 0 [ 18 1. The phase $ of the second and the 
third pulse was set to @=x for measurement of the 
(sin(w,t,) sin(w&)) correlationfunctionprobing 
the spin alignment state during the mixing time t,,, 
and to @=y for measurement of the (cos(m,tI) 
x cos( w&) ) correlation function probing Zeeman 
order during t,,,. The magic flip angle of 54” for these 
pulses ensures equal correlation function intensities 
[ 19 ] provided relaxation differences during the mix- 
ing time t,,, can be neglected. In order to obtain 
undistorted powder lineshapes, the two 2D correla- 
tion functions were time-shifted uring data evalua- 
tion so as to give symmetric data matrices and 
subsequently processed to yield a 2D spectrum with 
the pure absorption mode as the real part. 
The experiment was carried out at r= 3 10 K on a 
powder sample of perdeuterated DMS. The mixing 
time was set to t mrx=3 ms, a value larger than the 
correlation time of the motion rc_ The refocusing time 
was d= 25 ns. The evolution and detection period 
each covered 1 ms in 256 steps. The transmitter and 
receiver phases were cycled to eliminate axial peaks 
and to reduce pulse imperfections. The total meas- 
uring time was 7.5 h. Zero filling was used in both 
dimensions during data processing. 
The experimental spectrum is depicted in fig. 1. 
The inset shows the corresponding theoretical spec- 
trum calculated for a two-site jump with an angle 
@ = 106”. Along the diagonal the 1D deuteron pow- 
der pattern can be recognized, but away from the 
diagonal ridges appear in the form of two ellipses 
intersecting the diagonal and as straight lines parallel 
to the frequency axes connecting the diagonal with 
the ellipses. These ridges arise from molecular eo- 
rientation during the mixing period Imix+ They are the 
singularities of the 21) exchange cross-powder pat- 
tern. Along the subdiagon~ a negative signal appears 
which is linked to anisotropic relaxation f 19-211 
pertinent during the mixing times of the two experi- 
ments combined to yield the final 2D spectrum. 
These negative signals are reproduced by the theoret- 
ical data shown in the inset of fg. 1. 
3. Discussion 
The origin of the exchange singularities is readily 
explained for axially symmetry coupling tensors by 
considering the reorientation of an ensemble of mol- 
ecules for which, during the evolution time t,, the 
unique axes of the field-gradient tensors are parallel 
to the z direction (fig. 2). In the case of DMS, these 
are the symmetry axes of the rapidly rotating methyl 
groups, i.e. the S-C bond axes. During the period tt 
these molecules have a common NMR frequency 
B, =6(cos2&- 1 ), where 6 is 6x18 times the quad- 
rupole coupling constant (e2qQlh) and fiO is the angle 
of the initial orientation of the unique axes with the 
magnetic field &,. For those molecules which have 
rotated through the angle 8 during tmix, the unique 
axes are located on a cone of angle 0 around z during 
the detection period tz. The resulting exchange spec- 
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Fig. 2. The origin of the singularities in 2D exchange spectra of powdered samples. The angle B between the unique axis of the coupling 
tensor and the magnetic field B,, after the jump is (1) B = 90”, (2) at a maximum: B =BO+ 13, (3) at a minimum: /I +I0 - 0. 
trum (fig. 2) has a conical distribution. It can be 
derived analytically [221. The spectrum exhibits two 
types of singularities. The first arises from the unique 
axes being perpendicular to the magnetic field after 
the jump. This type of singularity is known to pro- 
duce the maximum amplitudes in a one-dimensional 
Pake pattern. In the 2D spectrum it forms straight 
ridges parallel to the frequency axes, starting at the 
singularities of the Pake spectrum on the diagonal. 
These singularities arise for all motional mecha- 
nisms, including discrete jumps and small-angle dif- 
fusion. They extend from w,/6= - 1 to 02/8 
= 3 sin28 - 1 [ 221. The second type of singularity 
arises from molecules which have their unique axes 
inclined at the minimum and the maximum angle 
/-IO? 8 with respect o the field &, after the jump. It is 
clear from fig. 2 that these molecular axes lie in the 
plane spanned by the cone axis z and B,,. The fre- 
quency coordinates of the latter type of singularity 
are given in the 2D spectrum by 
Q,=S(3~os~&1)=f~I(l+3cos2/3,), (la) 
8,=6[3COS2(j&k8)-1] 
(lb) 
=@[ 1+3 cos(2/?0+28)] .
Eqs. ( 1) define an ellipse centered at w , = co2 = 4~5. 
The molecular-reorientational jump angle 8 appears 
as a phase difference 28 in the ridge coordinates 
b e.00 
Fig. 3. (a)The relation between the exchange ridges and the jump angle for DMS. (b) Theoretical ridge spectra of powder singularities 
for deuterons exchanging between two sites by different jump angles. 
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Fig. 4. Calculated deuteron spectra (real parts) for different types of motion. (a) Four-siteJump on a cone leads to two jump angles of 
0, = 80” and e2 = 54.07” reflected in two ellipses. (b) Szx-site octahedral jump exhibits cubic symmetry and leads to a single jump angle 
of 0 = 90”. (c) Diff us& motion on a cone leads to an infinite number of jump angles 6 ,< v. (d) Isotropzc reorientation shows no corre- 
lation between the molecular orientations before and after the mixing time, but the exchange spectrum does not vanish. The 2D spectrum 
is composed of ID powder spectra parallel to the frequency axes. 
88 
Volume 130, number 1,2 CHEMICAL PHYSICS LETTERS 26 September 1986 
reminiscent of a Lissajous figure. In the case of deu- 
terons a second ellipse centered at o , = co2 = - 4~3 is 
observed. It arises from the other NMR transition of 
the spin 1 system. 
The ratio b/a of the semi-axes a and b of the ellipse 
is directly related to the motional jump angle by 
b/a= ltan 81 . (2) 
As a consequence, the angle between the reorienting 
molecular axes can pictorially be related to the 
geometry of the ellipse as depicted in fig. 3a for the 
case of DMS. Ridge spectra for two-site deuteron 
reorientation by different angles are shown in fig. 3b. 
Straight lines result for jump angles 8 = 0’ and 90”) 
while circles are observed for 8 = 45 O. Fig. 3b also 
emphasizes that the ridges parallel to the frequency 
axes connect the singularities of the diagonal Pake 
pattern with the ellipses. The ridge patterns are 
extremely sensitive to variations in the jump angle, 
so it can be determined with high accuracy. For DMS, 
the measured data correspond to a jump angle of 
8 = 106’. Since the electric-field gradient is an irre- 
ducible second-rank tensor, jump angles 8 and 
180” - 8 cannot be distinguished in the spectrum. 
The two angles were discriminated on the basis of 
the known molecular structure. The derived angle lies 
between the C-S-C bond angle of 103’ [ 231 and the 
value of 108’ given by Solum et al. [ 171 for the angle 
between the axes of the time-averaged 13C chemical 
shielding tensors of the methyl groups. 
Different types of molecular motion lead to differ- 
ent 2D exchange spectra. This is illustrated in fig. 4 
with spectra simulated for four different motional 
mechanisms in the limit of complete exchange, when 
t,,, $ Q. Spectra 4a and 4b are computed for discrete 
jumps. They show characteristic narrow ridge pat- 
terns. For diffusive motion (figs. 4c and 4d) only the 
ridges parallel to the frequency axes are retained. The 
other ridges spread in the 2D plane as part of the 
inhomogeneous 2D lineshape. Whilst for jump-like 
motions the Pake pattern is approximately con- 
served along the diagonal, the diagonal lineshape is 
characteristically distorted for diffusive motions. 
Thus diffusive motion can readily be discriminated 
from discrete jump motion simply by inspection. 
4. Concluding remarks 
Two-dimensional exchange spectra yield informa- 
tion about molecular mechanisms in a model-inde- 
pendent fashion. In this respect the 2D exchange 
technique is far superior to dynamic 1 D NMR spec- 
troscopy, In the case of tensorial interactions with 
axial symmetry, such as the quadrupole-coupling 
tensor of deuterons, the singularities of the 2D 
exchange signals give rise to simple geometric ridges, 
which are directly related to the geometry of the 
molecular motion. The ridge patterns become more 
complicated for asymmetric tensors. This situation 
is encountered in the case of chemical shielding ten- 
sors, for instance in 13C NMR spectroscopy. 
One drawback of 2D exchange NMR of static 
powders is the low intensity of the exchange signals 
and the lack of resolution for nuclei in different 
chemical sites. Consequently, in 13C NMR as well as 
in deuteron NMR, specific isotopic labelling is nec- 
essary, and particularly in 13C NMR care has to be 
taken to distinguish between exchange resulting from 
rotational motion and spin diffusion [ 121. Never- 
theless, our experimental example of the two-site 
exchange in DMS together with the presented theo- 
retical spectra demonstrate that 2D solid-state 
exchange spectroscopy of static powders promises to 
be a technique of considerable interest for model- 
independent studies of molecular motion in poly- 
mers and other amorphous materials. 
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